ABSTRACT: Sturgeon spermatozoa maturation during their passage through the kidney is a prerequisite for initiation of motility. Samples of sterlet (Acipenser ruthenus) testicular sperm (TS) were matured in vitro by incubation in seminal fluid (SF) or in SF supplemented with carbonyl cyanide m-chlorophenyl hydrazone (CCCP; a respiration uncoupling agent). Sperm was diluted in activation medium (AM) containing 10 mM Tris-HCl buffer (pH 8.5) and 0.25% Pluronic, and spermatozoon motility was assessed. Samples were taken and fixed in 3 M perchloric acid at 3 points in the incubation process. Quantification of ATP, ADP, and creatine phosphate (CrP) was conducted using liquid chromatography/high-resolution mass spectrometry. We observed a significant decrease in CrP during artificial maturation of TS in SF. In contrast, ATP and ADP were not significantly affected. Addition of CCCP to SF halted maturation and led to significantly lower CrP whereas ADP significantly increased and ATP was unaffected. Dilution of matured and immature TS with AM led to a significant decrease of ATP and CrP and an increase of ADP compared with their levels before dilution, although immature TS were not motile. Energy dependency of TS maturation in sturgeon was confirmed, which suggests that mitochondrial oxidative phosphorylation is needed for maturation of sturgeon TS.
INTRODUCTION
Sturgeon testicular spermatozoa cannot become motile, because they have not undergone the critical maturation during passage through the kidney. Upon this passage, testicular spermatozoa are mixed with hypotonic urine and stay in the Wolffian duct, where they acquire the ability for motility activation after release into the aquatic environment. This process can be simulated in vitro by mixing testicular spermatozoa with hypotonic fluids such as urine or seminal fluid (SF) obtained from Wolffian duct sperm (WS). Interestingly, during this in vitro maturation, spermatozoa velocity and motility percentage gradually increase (Dzyuba et al., 2014) . Cellular processes determining sperm maturation in sturgeon are unknown. However, transition of spermatozoa from isotonic conditions (in testes) to hypotonic conditions during maturation can lead to ionic channels activation (Okada, 2004) , which, in turn, could be the main source of energy consumption during maturation.
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Spermatozoon motility depends primarily on the energy released from ATP hydrolysis catalyzed by dynein adenosine triphosphatase that is coupled to the sliding of adjacent microtubules generating flagellar movement (Christen and Gatti, 1987) . Increase in ATP consumption after motility activation stimulates increase of oxidative phosphorylation (Ingermann, 2008) and activation of ATP regeneration using ADP and creatine phosphate (CrP) via adenylate and creatine kinases (Cosson, 2012) . However, the role of oxidative phosphorylation and the ATP regeneration system in the maturation process is not clear.
In the present study, we hypothesized that sturgeon sperm maturation is an energy-dependent process caused by changes of sperm environment tonicity and that it could be associated with respiration and macroergic phosphate regeneration pathways. To test this hypothesis, we aimed our study to compare ATP, ADP, and CrP levels in immature and in vitro-matured testicular spermatozoa of Acipenser ruthenus in response to environmental osmolality changes.
MATERIALS AND METHODS

Fish and Sperm Sampling
Sterlet (A. ruthenus) was selected as a model sturgeon species. All experiments were performed according to the principles of the Ethical Committee for the Protection of Animals in Research of the University of South Bohemia, Research Institute of Fish Culture and Hydrobiology, Vodnany, Czech Republic. Experiments were conducted in the experimental facilities of Faculty of Fisheries and Protection of Waters, University of South Bohemia in Ceske Budejovice, South Bohemian Research Center of Aquaculture and Biodiversity of Hydrocenoses, Vodnany, Czech Republic. During the natural spawning season (April-May), 5 sterlet males (3-4 yr and 0.6-1.0 kg BW) were transferred from aquaculture ponds (water temperature 8-10°C) into a 0.8-m 3 closed water recirculation system. The system water temperature was increased to 15°C within 24 h, and before experimentation, fish were held 4 d without feeding.
Spermiation was stimulated by an intramuscular injection of carp pituitary powder (Rybníkářství Pohořelice a.s., Pohořelice, Czech Republic; http:// www.rybnikarstvi-pohorelice.cz) dissolved in 0.9% (wt/vol) NaCl solution (4 mg/kg BW). Twenty-four hours after stimulation, milt was collected from the urogenital (Wolffian) ducts by aspiration using a 4-mm plastic catheter connected to a 10-mL syringe. Wolffian duct sperm is commonly used in fisheries for artificial sturgeon propagation. Immediately after WS collection, the fish were euthanized by striking the cranium followed by exsanguination. The digestive tract was removed, and testicular sperm (TS) was collected with a micropipette from an incision in the efferent ducts.
Sample Preparation
Seminal fluid was obtained from 2 successive centrifugations of WS for 10 min at 300 × g at 4°C and then (only collected supernatant) 10 min at 10,000 × g at 4°C.
For in vitro maturation, TS samples were incubated in SF for up to 15 min at 20°C at a dilution rate specific to each male, based on its initial TS concentration, to obtain 1 × 10 9 spermatozoa (spz)/mL. The incubation time required to obtain the maximum percent of activated spermatozoa for an individual fish ranged from 5 to 15 min. This time was designated full maturation time, corresponding to 1 arbitrary unit (AU).
To assess the role of respiration in spermatozoon maturation, TS samples were incubated for up to 15 min at 20°C in SF containing carbonyl cyanide mchlorophenyl hydrazone (CCCP) as an uncoupler of mitochondrial respiration and oxidative phosphorylation (Guthrie et al., 2008) . Carbonyl cyanide m-chlorophenyl hydrazone dissolved in dimethyl sulfoxide (DMSO) was added to SF (final concentration of DMSO was 0.5%) to a final CCCP concentration of 50 μM. To evaluate the influence of DMSO on maturation, TS samples were also incubated for up to 15 min at 20°C in SF containing 0.5% DMSO.
Spermatozoa concentration was estimated using a Burker cell hemocytometer (Meopta, Prague, Czech Republic) at 200x magnification of an Olympus BX 50 phase contrast microscope (Olympus, Tokyo, Japan; Perchec and Jeulin, 1995) .
Activation of Spermatozoa
The activation medium (AM) used was 10 mM Tris-HCl buffer, pH 8.5, containing 0.25% Pluronic (Sigma-Aldrich, St. Louis, MO) to prevent sperm sticking to the microscope slides. Wolffian duct sperm and in vitro matured sperm samples were diluted 1:50 in AM, and motility parameters were determined at 10 s after activation. The dilution rate was selected according to requirements of the motility assessment procedure previously described (Dzyuba et al., 2012) .
Motility Analysis
Motile spermatozoa were recorded for 2 min after activation using video microscopy combined with stroboscopic illumination (ExposureScope; University of South Bohemia in České Budějovice, Faculty of Fisheries and Protection of Waters, Vodňany, Czech Republic). Video records were analyzed to estimate spermatozoon curvilinear velocity (VCL) and percent of motile cells (motility rate) by micro-image analyzer (Olympus Micro Image 4.0.1. for Windows; Olympus), which allows overlapping of 5 successive video frames. Overlapping tracks of spermatozoon heads became visible, permitting calculation of VCL, defined as total point-to-point distance traveled by the spermatozoon in 0.16 s (time the separating the first and fifth frames) and motility rate. Motility duration was defined as the period of time to cessation of movement in 95% of spermatozoa visible in the microscopic field.
Preparation of Samples for ATP, ADP, and Creatine Phosphate Assay
To investigate differences in concentration of ATP, ADP, and CrP over the course of maturation, aliquots of TS diluted in SF were fixed in 3 M perchloric acid (PCA) at 0, 0.2, and 1.0 AU of time as previously determined. Quantification of ATP, ADP, and CrP content was conducted using liquid chromatography/mass spectrometry/high-resolution mass spectrometry (LC/ MS/HRMS).
Three molar PCA was added at 1:1 (vol/vol) to sperm samples prepared according to individual fish maturation periods (0 and 1.0 AU) at 10, 20, 60, and 120 s after activation. Addition of PCA prevents alterations in ATP content and metabolites extracted from cells (Lahnsteiner and Caberlotto, 2012) and has been shown to be appropriate for liquid chromatography/ mass spectrometry analysis (Klawitter et al., 2007) . Samples were subsequently frozen in liquid nitrogen and held at -80°C for up to 14 d. Samples for LC/MS/ HRMS analysis were treated as follows: 1) centrifugation at 17,000 × g for 14 min at 4°C to collect the protein-free supernatant to avoid contamination of the column in LC/MS/HRMS, 2) addition of 12 M KOH to the supernatant sufficient to adjust the pH range to between 4.0 and 8.0, 3) centrifugation at 3,000 × g for 10 min at 4°Cto separate the precipitate from the KClO 4 solution, 4) dilution of the obtained supernatant with 1 M Tris-HCl (pH 7.0) at 1:1 (vol/vol) to adjust the pH to the optimal value of 7.0, and 5) filtering with 0.45-μm regenerated cellulose filters (Labicom, Olomouc, Czech Republic).
Liquid Chromatography/Mass Spectrometry/HighResolution Mass Spectrometry Quantification of Adenine Nucleotides and Creatine Phosphate
Adenine nucleotides of interest and CrP were quantified using a Q-Exactive mass spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled to an Accela 1250 LC pump (Thermo Fisher Scientific) and an HTS XT-CTC autosampler (CTC Analytics AG, Zwingen, Switzerland), according to a method adapted from Jiang et al. (2012) . A Hypercarb column (50 mm by 2.1 mm i.d. by 3-μm particles; Thermo Fisher Scientific) was used to separate target analytes. Mobile phases used for the separation consisted of ultrapure water (aqua-MAX-Ultrasystem; Younglin, Kyounggi-do, Korea) and acetonitrile (LiChrosolv Hypergrade; Merck, Darmstadt, Germany). Both were buffered with 2 mM ammonium acetate, and pH was adjusted to 10.0 using ammonia solution (measured off bottle with pH meter). The same amount of ammonia as for water was initially used for acetonitrile (Supplemental Table S1 ; see the online version of the article at http://journalofanimalscience.org).
Heated electrospray (HESI-II; ThermoFisher Scientific, San Jose, CA) in negative ion mode was used for the ionization of target compounds. Analysis was performed using product scan acquisition with the mass inclusion list, optimized collision energies, and expected retention times of the target analytes. The first quadrupole was operated at a 0.7-amu extraction window, and the Orbitrap spectrometer (ThermoFisher Scientific) was operated at 17,500 full width at half maximum. The m/z ratios for parent and product ions of target compound as well as their collision energy and retention times are presented in Supplemental  Table S2 (see the online version of the article at http:// journalofanimalscience.org).
Method performance was assessed in terms of its linearity, repeatability, recovery, limits of quantification, and matrix effect. For the quantification of target compounds, external calibration ranging from 1 to 500 ng/mL was used. Method performance parameters are presented in Supplemental Table S3 (see the online version of the article at http://journalofanimalscience. org). Method validation was performed using 10 replicates. Good linearity, repeatability, and limits of quantification values were obtained for all analytes. The matrix effect was evaluated by preparing calibration standard using sperm extract. Significant matrix effect (ion suppression) was observed only for CrP. To adjust calculated concentrations for low recovery rates, calculation coefficients were established (Supplemental Table S3 ; see the online version of the article at http:// journalofanimalscience.org).
Statistical Analysis
Statistical analysis was conducted on ATP, ADP, and CrP, expressed as nanomoles per 10 9 spz, taking into account dilutions of the TS sample during in vitro maturation, activation, and preparation for LC/MS/ HRMS.
Data distribution and homogeneity of dispersion were assessed with the Shapiro-Wilks and Levene's tests, respectively. Normally distributed data (velocity only) were analyzed by 1-way ANOVA followed by Fisher's LSD test. Due to a low number of observations (n = 5), a nonparametric Kruskal-Wallis ANOVA followed by multiple comparisons of mean ranks for all groups (post hoc procedure) was used for comparing spermatozoon motility rate and duration relative to ADP, ATP, and CrP content. Data were presented as median with percentiles (25%). Statistical significance was accepted at P < 0.05. Analyses and graphing were conducted using Statistica version 9.1 (Statsoft Inc., Tulsa, OK).
RESULTS
Motility Parameters
In the present study, spermatozoa concentration of TS (28 ± 9 × 10 9 /mL) was significantly higher than that of WS (0.5 ± 0.4 × 10 9 /mL; n = 5). Observed spermatozoon concentrations were typical of those for sturgeon (Dzyuba et al., 2012) with wide variation among individual fish, as was reported by Dzyuba et al. (2014) .
Immediately after dilution with SF, testicular spermatozoa were immotile in AM. The percentage of motile spermatozoa at 10 s after activation in TS experimentally matured in AM was not significantly different in the initial motility period from that observed for WS (Table 1) .
Motility duration of matured testicular spermatozoa was also not significantly different from that of WS (Table 1) .
Macroergic Phosphates Content during In Vitro Maturation of Sterlet Spermatozoa
We found no significant differences in ATP and ADP content of matured and immature sturgeon spermatozoa before dilution in AM. A significant decrease was observed in CrP at 0.2 AU of incubation time compared with initial values (Fig. 1) . Addition of 50 μM CCCP diluted in DMSO to SF halted maturation and led to a significant decrease of CrP content whereas ADP content significantly increased and ATP content was unaffected (Fig. 2) . Addition of 0.5% DMSO to SF as control did not affect the content of ATP, ADP, or CrP (Fig. 2) .
Macroergic Phosphates Content in Matured and Immature Spermatozoa after Dilution with Activation Medium
Following sperm dilution in AM, total ATP content at 10 and 20 s after activation was significantly higher in immature sperm compared with matured spermatozoa (Fig. 3) .
Although the overall level of CrP in immature sperm before activation was higher than in mature sperm, its content significantly decreased during the first 10 s after activation in both immature and matured spermatozoa (Fig. 4 ). An opposite effect was seen with ADP concentration, which significantly increased during the first 10 s after activation. Total ADP content was not significantly different in matured and immature spermatozoa before activation (Fig. 5) . Figure 1 . Adenosine triphosphate, creatine phosphate (CrP), and ADP content during the maturation of testicular sperm after dilution in seminal fluid (n = 5). a-c Columns with different letters differ significantly as determined by the nonparametric Kruskal-Wallis ANOVA test (P < 0.05). spz = spermatozoa; AU = arbitrary units.
DISCUSSION
Sperm contamination by urine is known as a factor influencing sperm motility parameters in teleost fish species (Rurangwa et al., 2004 ). Perchec Poupard et al. (1998 showed that contact with urine is deleterious to carp sperm and causes a significant decrease in motile cells and ATP content on motility activation compared with urine-free sperm. This illustrates the importance of avoiding contamination of milt with urine during collection and other manipulations. However, in sturgeon, incubation of TS with urine is a prerequisite for spermatozoon maturation. This process occurs in Wolffian ducts, where urine and sperm are naturally mixed. Such sperm and urine excretion is considered evolutionarily primitive among vertebrates, because more recent te- leost taxa exhibit greater separation between urine and sperm ducts. This suggests that in the course of urogenital system evolution, the role of urine in spermatozoon maturation was dramatically altered. Although urine is a physiological participant in maturation of spermatozoa of the primitive sturgeon, it lost this role and became toxic to sperm of more evolved species.
The present study focused on alterations in ATP, ADP, and CrP content during sperm maturation that may result from overcoming osmotic shock when spermatozoa are released into hypotonic conditions. During in vitro maturation, osmotic shock appears at the transfer of TS from an osmotic environment of 220 to 230 mOsm/L into SF of about 50 mOsm/L (Dzyuba et al., 2014) . Exactly this shock is leading to increased ATP consumption by spermatozoa ionic pumps activities, supporting cell homeostasis (Racker, 1976) . Finally, this ATP consumption leads to ATP regeneration via CrP hydrolysis catalyzed by creatine kinase (Alavi and Cosson, 2006) . It is known that motility rate and VCL reach maximum by the end of the in vitro TS maturation period (Dzyuba et al., 2014) . Thereby, it could be supposed that this progression is associated with intracellular content of creatine and adenylate phosphates, both of which are involved in energy supply and regulation of spermatozoon maturation (Cosson, 2012) . Physiological necessity of CrP and ADP participation in spermatozoa energy supply is determined by the fact that sites of ATP production (spermatozoa middle part) and its consumption (along entire flagellum) are spatially separated. Diffusion rates of ATP and CrP are essentially different and ATP can be regenerated from ADP via adenylate and creatine kinases (Cosson, 2012) . As we found significant decrease in CrP during maturation (Fig. 1) , we assume critical importance of ATP regeneration system (acting via creatine kinase) for the maturation process. The reasons for stable ADP content during maturation remain to be elucidated; however, minor involvement of adenylate kinase in maturation may be assumed. As information about sturgeon sperm bioenergetics at maturation is absent, it is only possible to compare our results with ones obtained in mature spermatozoa in another species.
In turbot sperm, the initial content of ATP, ADP, and CrP measured by nuclear magnetic resonance analysis before activation of motility was reported to be approximately 154, 99, and 727 nmol/10 9 spz, respectively (Dreanno et al., 2000) , several-fold the values obtained for sterlet in the current study. Highperformance liquid chromatography analysis for quantification of ATP and ADP in turbot spermatozoa (Dreanno et al., 1999b) showed ATP of approximately 240 nmol/10 9 spz before initiation of motility, several times the level observed in sterlet. For sea bass, reported level of ATP before activation was 150 nmol/10 9 spz, which is twice that obtained for sterlet in our study, with ADP at a similar concentration (15 nmol/10 9 spz; Dreanno et al., 1999a) . The reasons for these differences are not clear but may be associated with species-specific energy metabolism strategies sustaining macroergic phosphates levels acquired during spermatozoa maturation and required for motility activation.
Taking into account increased blood circulation in sturgeon testes associated with gonad development before phase of spermiation, the respiration is assumed to have high importance for ATP synthesis during final stages of spermatogenesis and sperm maturation (Chebanov and Galich, 2009) . Importantly, decrease of sperm concentration during passage through kidneys may lead to increase oxygen availability for spermatozoa. Our results on suppression of in vitro sperm maturation by CCCP, an uncoupler of mitochondrial respiration and oxidative phosphorylation, strongly indicate the importance of respiration for ATP synthesis during maturation. However, stable ATP content associated with decrease of CrP allows us to speculate that process of ATP synthesis by respiration during maturation does not predominate the processes ATP hydrolysis, although there is lack of information about bioenergetics in testicular spermatozoa of sterlet. Thereby, our results on ATP, ADP, and CrP dynamics involving respiration in matured and immature spermatozoa are pioneering in this area.
As immature spermatozoa are not able to initiate motility, comparative study of mature and immature spermatozoa is an essential experimental model for study of relationships between macroergic phosphates content and motility associated with hypotonic conditions. The observed increase in ATP content in immature spermatozoa diluted with AM (Fig. 3 ) could be associated with stimulation of ATP synthesis by consumption of ionic pumps (Okada, 2004) . As no motility occurs, ATP synthesis via respiration predominates the processes of ATP hydrolysis at initial postdilution time. However, this supposition should be further studied.
Dynein adenosine triphosphatase activity causes rapid intracellular ATP consumption (Morisawa and Okuno, 1982; Ingermann, 2008) , as described in rainbow trout (Oncorhynchus mykiss; Christen and Gatti, 1987) , common carp (Cyprinus carpio; Perchec and Jeulin, 1995) , sea bass (Dicentrarchus labrax; Dreanno et al., 1999a) , turbot (Scophthalmus maximus; Terner and Korsh, 1963; Dreanno et al., 2000; Spiropoulos et al., 2002) , and Siberian sturgeon (Acipenser baerii; Billard et al., 1999) . It has been demonstrated that ATP can be regenerated from ADP in trout sperm through intracellular adenylate kinase (Cosson 2004; Saudrais et al., 1998) . Creatine phosphate has also been shown to support adequate ATP levels during motility via creatine phosphokinase activity in spermatozoa of chub (Leuciscus cephalus; Terner and Korsh, 1963; Lahnsteiner et al., 1992; Turman and Mathews, 1996) and rainbow trout (Saudrais et al., 1998) .
Therefore, it is reasonable to assume that results of the present study confirm that the maturation of TS in sturgeon is an energy-dependent process involving mitochondrial respiration and ATP regeneration from CrP via creatine kinase reaction. These 2 processes are responsible for keeping ATP content at high level required for motility of mature spermatozoa.
